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 Abstract 
In this study, Bi was selected to dope PbTe nanocubes to develop high performance n-type PbTe-
based thermoelectric materials via nanostructure engineering using a facile solvothermal method. 
Bi dopants effectively improve the electrical transport properties of the as-sintered PbTe 
nanomaterials by tuning the carrier concentrations, achieving promising electrical conductivity 
and Seebeck coefficient which are comparable to bulk materials. Moreover, a low lattice thermal 
conductivity has been secured in the sintered Bi-doped PbTe nanomaterials, which is remarkably 
lower than its bulk counterparts. Extensive experimental and theoretical evidences reveal that 
such low lattice thermal conductivity is attributed to the enhanced phonon scattering by the high 
density of grain boundaries and dislocations, in turn, leading to an enhanced peak ZT ~1.35 at 
675 K for n-type Pb0.99Bi0.01Te.  
Key words: Thermoelectric, n-type, Bi-doped PbTe, Nanostructure Engineering. 
 
1. Introduction 
Thermoelectric materials may play an important role on new technologies which tackle the 
global energy crisis by converting waste heat directly into electricity, achieving solid-state and 
emission-free power generation and refrigeration without any moving parts [1-6]. The 
thermoelectric efficiency is governed by the figure of merit of thermoelectric materials defined 
as ZT=S
2σT/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal 
conductivity, and T is the absolute temperature. Since S, σ and κ are highly interdependent [3], 
they have to be optimized to obtain high ZT values. 
As one of the best thermoelectric candidates at intermediate temperature (400-800 K) [1, 5, 7] 
lead telluride (PbTe) has an intrinsic ZT of approximately 0.8 [3, 8]. Up to now, the electrical 
transport properties (S and σ) of bulk PbTe have been well-manipulated by tuning its band 
structure [9, 10] and carrier concentration [11], or by achieving converged band [1] and resonant 
state [12]. Meanwhile, the κ of PbTe has been reduced via introducing strained nanostructures 
[13], hierarchical structures [5, 14], or interfaces [15]. This extensive research has resulted in p-
type PbTe materials showing superior performance with peak ZT values even higher than 2 [5], 
while the ZT of current n-type PbTe materials are relatively lower than that of p-type PbTe 
materials [16-19]. Therefore, the development of high performance n-type PbTe materials are 
highly demanding [20].  
To enhance the thermoelectric performance of n-type PbTe, few novel strategies, such as 
nanostructure engineering [21-25], have been applied to the development of thermoelectrics due 
to its effectiveness to reduce κ without severely harming the electrical transport properties. 
According to these theoretical and experimental investigations [15, 26], the substantial number 
of grain interfaces within the PbTe nanostructures can significantly scatter the phonons [15, 26, 
27] and filter the high energy electrons [28, 29]
 
to harvest a very low κ in PbTe. Therefore, nano-
sized materials have been extensively synthesized via “bottom-up” methods such as the wet 
chemistry methods [21, 23, 24, 30, 31], which can be sintered into nanostructured bulk materials. 
Their thermoelectric performances have been investigated [30, 31], in which a reduced κ of as-
sintered samples was observed. However, the underlying mechanisms for such a low κ have not 
been systemically studied for the nanostructured PbTe, and their electrical transport properties 
need to be further improved to increase their ZT.  
In this study, a full-spectrum phonon scattering mechanism [21-24] of PbTe was designed to 
target a low κ in PbTe nanocubes fabricated via a facile solvothermal method. The as-
synthesized nano-sized samples were sintered using the spark plasma sintering (SPS) process so 
that the nano powders can be densified without significant crystal growth, creating a high density 
of grain boundaries and dislocations, described in the schematic of Figure 1. With such a small 
average grain size, high density of grain boundaries and dislocations, phonons can be 
significantly scattered with different wavelengths, leading to reduced κ. As a donor impurity [32-
34], Bi has been selected as the dopant to induce n-type conductivity and improve the electrical 
transport properties of as-sintered PbTe. The Bi dopants have been shown to improve σ and 
depress the bipolar conduction to stabilize S [17, 19, 30, 31], and eventually resulting in a high 
ZT . 
 
 Figure 1 Schematics show the major experimental process and the mechanism of enhanced 
phonon scattering by nano-sized grain, grain boundaries, and dislocations without harm the 





Analytical pure sodium tellurite (Na2TeO3, 99.999 %), lead oxalate (PbC2O4, 99.999 %), bismuth 
chloride (BiCl3, 99.999 %), ethylene glycol, polyvinylpyrrolidone (PVP, average molecular 
weight: 40,000), and sodium hydroxide (NaOH, 99.99 %) were purchased from Sigma-Aldrich 
and used as precursors without any further purification. 
In a typical synthesis of PbTe nanocubes, 0.2 g of PVP was dissolved in 36 mL of ethylene 
glycol, and then 0.1108 g of Na2TeO3, 0.1476 g of PbC2O4 and 4 mL 5 mol/L NaOH solution 
were added in with continuous stirring (proportional BiCl3 was added for Bi-doped PbTe 
samples with the reduced amount of PbC2O4). The solution was put into a 125 mL Teflon-lined 
stainless steel autoclave and sealed and then heated at 230 °C for 4 hours. After that, the 
autoclave was cooled to room temperature naturally. The products were collected by centrifuging 
and washed by deionized water and absolute ethanol for several times, and then dried at 60 °C 
for at least 12 hours. The as-synthesized Bi-doped PbTe powders were firstly purified by heat-
treatment at 573 K under the atmosphere of Ar to clean all the surfactant, and then compressed 
by SPS under 60 MPa and heated at 673 K for 5 min in vacuum. The Archimedes method was 
used to determine the density (d) and relative density (90%). 
κ was calculated through , where D and Cp, are the thermal diffusivity and specific heat 
capacity, respectively. D was measured by a laser flash method with a LFA 457 (NETZSCH). A 
DSC 404 F3 (NETZSCH) was used to measure Cp of PbTe. The carrier concentrations (n) were 
measured using a homemade Hall system based on the van der Pauw technique under a 
reversible magnetic field of 1.5 T. σ and S were measured simultaneously on a ZEM-3 (ULVAC). 
The uncertainty of all the measurements (S, σ and D) was ~5%, and the uncertainty for the 
pDC d 
measured Cp was ~10%. The standard deviation of the measured ZT was ~5% based on 5 
measurements for each sample.  
The crystal structures of as-synthesized products and sintered pellets were characterized by XRD, 
recorded on an X-ray        tom t     u pp     t     p  t  mo o   om t       u         t o  
                    mo p o o        t u tu            m           t    t    o    -synthesized 
products and sintered pellets were investigated by SEM (JEOL 7800, operated at 5 kV) and TEM 
(Philips Tecnai F20, operated at 200 kV, Philips Tecnai F30, operated at 300 kV). The bonding 
behaviour of the samples was determined by X-ray photoelectron spectroscopy (XPS, Kratos 
Ax   U t   p oto    t o   p  t om t    A      2 3 6  V). A JEOL JXA-8200 (operated at 20 
kV) was used for the electron probe micro analysis (EPMA). 
3. Results and Discussion 
Figure 2a shows the XRD patterns taken from as-synthesised Pb1-xBixTe (x = 0, 0.005, 0.01, 0.02, 
0.05) samples, in which the diffraction peaks in all samples can be indexed as face-centre-cubic 
(FCC) structured PbTe with a = 6.4 Å (Standard Identification Card, JCPDS 78-1905, the orange 
lines in Figure 2a) [35, 36] and without any impurities or secondary phases. Furthermore, the 
inset of Figure 2a shows the right shift of the 200* diffraction peak by increasing the Bi dopant 
level, indicating a lattice shrinkage in as-synthesized Bi-doped PbTe samples, which can be 
attributed to the substituted Bi
3+ 
with a smaller ionic radius compared to that of Pb
2+
 in the lattice 
[32]. This lattice shrinkage is gradually enhanced (Figure 2a inset) with increasing the Bi dopant 
level. The Bi bonding state is further analysed by XPS and the results are shown in Figure S1 
(here Pb1-xBixTe (x = 0.01) as a typical example), which shows that the existence of Bi in PbTe 
and verified the dopant state of Bi is Bi
3+
 in the PbTe lattice.  
The morphologies of the as-synthesised samples are verified by SEM characterisation. 
Interestingly, all nanoparticles in as-synthesized Bi-doped PbTe samples are nano-sized cubes 
(Figure 2b and Figure S2a-c) except that nanoparticles in the x = 0.05 sample show a miss-
cornered cubic morphology, as shown in Figure 2c and Figure S2d. Such shape change has been 
observed in other nanostructures [37] with FCC structure, indicating a surface energy change of 
the PbTe nanocubes caused by the heavy Bi doping [37]. TEM investigation was employed to 
characterize the crystal structure of as-synthesised samples. Figure 2d is a typical TEM image of 
un-doped PbTe nanocubes and shows a size contribution ranging from ~100 to ~150 nm. Figure 
2e is a high-resolution TEM (HRTEM) image taken from a typical nanocube, revealing that the 
nanocube has an FFC structure and it is defect-free. The FCC structure can be further confirmed 
by the corresponding selected area electron diffraction (SAED) pattern taken along the [111] 
zone axis (Figure 2e inset). Figure 2f is a typical TEM image of the x = 0.05 sample and shows 
rounder projection shape due to the missed corners. From the statistical analyses of the TEM 
images, an average size for the x = 0.05 sample can be estimated to be ~120 nm, which is 
consistent with the SEM observations (Figure 2c) and is similar with the nanocube samples. 
Figure 2g is the HRTEM of x = 0.05 sample and a lattice spacing of ~ 3.2 Å can be observed, 
corresponding to the 200* lattice spacing of PbTe. Such a miss-cornered nanocube is a single 
crystal according to the SAED pattern of [001] zone axis (in the inset of Figure 2g).  
 
Figure 2 (a) XRD patterns of as-synthesized Pb1-xBixTe samples with varied doping levels, the 
inset shows the peak shift of (200) peaks; characterizations of pure PbTe: (b) SEM image with 
inset high magnification SEM image; (c) typical TEM image and (d) HRTEM image with the 
corresponding SAED pattern; and characterizations of Pb1-xBixTe (x = 0.05): (e) SEM image 
with inset high magnification SEM image; (f) typical TEM image and (g) HRTEM image with 
the corresponding SAED pattern. 
 
To understand their thermoelectric properties, the as-synthesized nanocubes were sintered into 
pellets using the SPS process and their corresponding thermoelectric properties were measured 
from 300 K to 800 K and plotted in Figure 3. Figure 3a shows the T dependent σ for all as-
sintered samples with marked compositions and the inset corresponding carrier concentrations 
(n), where n was measured using the van der Pauw technique. As can be seen, the un-doped 
PbTe nanocube pellet has a poor σ, while Bi-doped PbTe pellets have significantly improved σ 
via increasing n. With increasing Bi dopant level, σ increases, while all the Bi-doped pellets 
show decreasing σ with increasing T. Figure 3b and inset plots T dependent S, in which the un-
doped PbTe pellet (Figure 3b inset) shows dramatic change versus T: the p-type conductivity 
(due to the slight off stoichiometry of the as-synthesized sample) turned into an n-type 
semiconductor at ~600 K. Such a conductivity change from p-type to n-type may be due to the 
bipolar conductivity and a two valence band conduction mechanism in PbTe [1, 38]. The as-
synthesized Bi-doped PbTe samples show n-type conductivity, their S values increase with 
increasing T up to ~725 K (Figure 3b), indicating that the bipolar conductivity of the samples 
have been depressed. From these measured results, the electrical transport properties of as-
sintered Bi-doped PbTe are comparable with those of n-type PbTe-based bulk materials [17]. 
The Cp and D were measured to determine κ (Figure S3), in which the measured Cp values are 




 from 300 K to 800 K. The measured D values are plotted in 
Figure S3b, from which Figure 3c shows the determined κ as a function of T. As can be seen, 
when T > 600 K, κ of as-sintered un-doped and Bi-doped PbTe is lower than some good bulk 
PbTe-based materials (most of them with κ > 1.2 W m-1K-1) [17] and comparable to those of 
fine-grained nanostructured materials with κ in the range of 0.8 - 1.0 W m-1K-1 [28]. Furthermore, 
κ of un-doped PbTe is lower than those of Bi-doped PbTe (Figure 3c) which may be due to the 
low electronic contribution (κe) of un-doped sample to the total κ. Finally, the improved 
electrical transport properties of Bi-doped PbTe result in significantly enhanced ZT compare to 
the un-doped pellet (Figure 3d). An additional benefit is the low κ via effective nanostructure 
engineering, the as-sintered Bi-doped PbTe pellets show higher ZT values than some other n-type 
PbTe-based bulk materials [17], reaching a peak ZT of ~1.35 at 675 K for the Pb0.99Bi0.01Te pellet 
(Figure 3d). Compared with the un-doped PbTe pellet (Figure 3d), the Pb0.99Bi0.01Te pellet 
achieved an 125% increase on the peak ZT. 
 Figure 3 Temperature dependent properties of as-sintered un-doped and Bi-doped PbTe samples: 
(a) σ; (b) S; (c) κ values and (d) the calculated ZT values. 
 
To clarify the underlying mechanism of such a low κ of as-sintered Bi-doped PbTe samples, 
especially for Pb0.99Bi0.01Te sample, extensive SEM and TEM characterizations were performed 
on the as-sintered pellets. Figure 4a shows the EPMA results, revealing the compositions of as-
sintered pellets, which have good agreement with the nominal compositions of Bi-doped PbTe. 
Figure 4b is a typical SEM image of a cracked as-sintered Pb0.99Bi0.01Te pellet, from which 
grains with varied sizes from tens of nanometres to ~200 nm can be observed, larger than the 
original size of Bi-doped PbTe with ~120 nm, indicating slight crystal growth during sintering 
even with a relatively low sintering temperature (673 K). However, the rapid SPS process 
prevented the grains from significant grain growth [23], so that these pellets still have a relatively 
small grain size with high densities of grain boundaries. Some pores can also be observed in the 
SEM images, which can be attributed to the random stacking of nanocubes. The existence of 
such pores reduced the density of as-sintered samples and can influence κ [39]. Based on the 
relative density of the as-sintered samples of ~90%, a ~10% of porosity can be estimated, which 
can be expected to lead to a 10% of κ reduction when compared to the theoretical 100% dense 
samples [39]. The influence of pores to the κ value can be considered by using the measured d 
values rather than the theoretical ones to calculate κ. Figure 4c is a TEM image of the 
Pb0.99Bi0.01Te pellet and shows fine grains with various size ranges from 50 - 200 nm, inducing a 
high density of grain boundaries. The original cube-shaped grains were elongated due to the 
lager pressure that was applied during sintering. Such deformation of grains is expected to 
generate significant defects within the grains. Figure 4d is another TEM image and shows a 
relatively large grain (marked by square) associated with many nano-sized grains. Figure 4e and 
S4 are its enlarged TEM images as marked by square, and clearly shows dislocations inside the 
grain. Our extensive TEM investigations confirm the existence of dislocations in grains. These 
dislocations located in the grains were further investigated using HRTEM characterization. 
Figure 5a is a typical HRTEM image of a grain taken along the [110] zone axis. Figure 5b is an 
inversed Fast Fourier Transform (IFFT) image for the marked area in Figure 5a and this shows 
that the grain contains two dislocation cores. Interestingly, such a pair of parallel dislocations are 
a dislocation dipole, which must be formed due to the plastic deformation during sintering [40]. 
This is because our as-synthesized nanocubes are defect-free. It should be noted that, when these 
defect-free nanocubes are compressed (during SPS), dislocation dipoles should be the most 
efficient route for generating dislocations. The dislocation dipoles can only generate localized 
stress fields that improve the m t      ’ mechanical properties [40]. Similarly, they can also be 
an effective source to scatter phonons. Through detailed measurement of the dislocation cores, 




. Such a high-density 
of dislocations may cause large localized strain in the grains. The strain distribution near the 
dislocation core can be directly mapped at the atomic scale from HRTEM images by using the 
geometrical phase analysis (GPA). Here, we use a defect free region as a reference; the 
quantitative strains can be precise mapped, which can quantify the strain distribution of the 
dislocation core. Figure 5c and 5d show the GPA shear strain maps of exx (tensile strain) and exy 
(shear strain) that correspond to Figure 5b, the color variation from dark-blue to bright-yellow 
corresponds to the strains from -30% to 30%. The sharp contrast observed in the strain maps 
indicates high strain concentrations near the dislocation core. Such atomic scale defects and 
distorted regions can provide strong scattering to phonons with small mean free path [41-44], so 
that significantly reduced κ can be achieved for the as-sintered samples [13]. According to the 
SEM and TEM characterizations, the microscopic features of the as-sintered pellets are clear: 
nano-sized grains were preserved after the sintering process, leading to a high density of grain 
boundaries and nano-sized grains accommodated by a high density of defects. 
 Figure 4 (a) Statistic results of EPMA; (b) SEM and (c) TEM images of as-sintered Bi-doped 
Pb0.99Bi0.01Te samples; (d) TEM image with high magnification shows dense sintered nano-sized 
grains and dislocations within grains; (e) enlarged TEM image shows the dislocations in the 
grain 
 Figure 5 (a) A typical HRTEM image of the dislocation region from as-sintered Pb0.99Bi0.01Te 
samples, which was taken along the [110] zone axis as can be seen in the inset FFT pattern; (b) 
the IFFT images from the marked area in (a), clearly showing the dislocation cores as marked; (c) 
and (d) the strain maps of (b), showing strain distribution around dislocation, the colour bar 
indicates 30 to –30% strain.  
 
To verify the underlying mechanism for reduced κ in the Bi-doped PbTe samples, the electrical 
contributions (κe) and lattice contributions (κL) were determined by κe= LσT and κL= κ- κe 
according to the Wiedemann-Franz law [45], where L is the Lorenz number. The L value could 
be varied depending on the materials, but it can be estimated using equation [45]: 
          
 | |
   
                                                            (1) 
notably L is in 10
−8
 WΩ −2 while S       μV/   Figure 6a plots the calculated L as a function of 
T, in which all L values of un-doped and Bi-doped PbTe are between 1.5 × 10
−8
 WΩ −2 for 
acoustic phonon scattering and 2.44 × 10
−8
 WΩ −2 for the degenerate limit [45], showing the 
typical semiconductor behaviour [45]. Therefore, κe values are determined by the electrical 
transport properties of the as-sintered materials. Since as-sintered Bi-doped PbTe pellets show 
comparable σ and S values with bulk materials as discussed earlier, we anticipate a similar 
contribution of κe when compared with its bulk counterparts. On the other hand, κL can be 
obtained by subtracting κe from κ and the results are shown in Figure 6b, where all pellets show 




 when T > 500 K, but there is no significant difference 
between individual samples. Such a low κL should be resulted from the introducing of 
substitutional atoms [46, 47] and point defects via Bi doping [48], and the increased grain 
boundaries and interfaces via nanostructure engineering [23, 24]. The theoretical κL of 
Pb0.99Bi0.01Te can be calculated u     t          y’  mo    [41]: 
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(    ) 
                                                          (2) 
where       t   Bo t m   ’   o  t  t    is the average phonon group velocity,   is the reduced 
Planck constant,    is the Debye temperature, and          .  Moreover,    is the overall 
relaxation time, which depends on the phonon scattering from the phonon-phonon interactions, 
electrons, grain boundaries (high density grain boundaries due to the small average grain size), 
strains, dislocations and point defects (due to the substitution of Pb by Bi) [13]: 
  
     
     
     
     
     
      
                                    (3) 
where   ,   ,   ,   ,   , and     are the relaxation times corresponding to the scatterings from 
Umklapp processes, electrons, boundaries, strains, dislocations and point defects [13, 41, 49-51]. 
On the basis of the parameters from the reported results [13, 50, 52] and our statistical analysis 











 for the FCC structure, and a = 6.4 Å), the theoretical κL of the Pb0.99Bi0.01Te sample 
can be calculated and shown in Figure 6b. These calculated values are matched well with the 
experimental data and are much lower than the κL of bulk Bi-doped PbTe [47], confirming that 
the significantly reduced κL of as-sintered Bi-doped PbTe can be attributed to the high density of 
grain boundaries and dislocations. 
 
Figure 6 T dependent (a) L and (b) κL (The κL values of 4% Bi-doped PbTe was adapted from 
reference 47). 
 
From the detailed characterizations outlined above, the rapid SPS process can effectively 
preserve nano-sized grains, creating not only a high density of grain boundaries in the as-sintered 
pellets, but also a high density of dislocations inside the grains, which is essential for reducing κL 
by increasing the phonon scattering at various wavelengths [3, 13, 23, 24, 28, 41, 42]. The 
thermoelectric performance of Bi-doped PbTe has been significantly improved by reducing κ via 
effective structural engineering and improving the electrical transport properties via Bi doping. A 
very good thermal stability for the as-sintered x = 0.01 pellet was further verified by the 
stabilized ZT values in the 5 cycles tests (Figure S5). 
 
4. Conclusions 
In conclusion, Bi-doped PbTe nanocubes with controlled doping level have been synthesized via 
a facile solvothermal method. The heavily doped sample (Pb0.95Bi0.05Te) shows a miss-cornered 
cubic nanostructure due to the dopant modified surface energy. The Bi dopants significantly 
improved the electrical transport properties of PbTe, while the rapid SPS process preserved the 
nano-sized grain structure, providing a high density of grain boundaries and dislocations to 
significantly reduce κ. The combination of good electrical transport properties and low κ resulted 
in a high ZT of 1.35 at 675 K for the n-type Pb0.99Bi0.01Te sample, which is one of the highest ZT 
for n-type PbTe-based thermoelectric candidates [16-19] and demonstrates great potential for 
developing high performance thermoelectric nanomaterials.  
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 Figure S1 (a) XPS survey spectrum of Pb1-xBixTe(1-x)+3x/2 (x=0.01) and the high resolution scan 




 Figure S2 SEM images of Pb1-xBixTe samples with different Bi doping level: (a) x=0.005; (b) 
x=0.01; (c) x=0.02; (d) x=0.05, the insets are high magnification SEM images for each sample.  
 
 




Figure S4 (a) and (b) TEM images of as-sintered Pb0.99Bi0.01Te samples show the nano-sized 
grains with dislocations. 
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TOC: Enhanced phonon scattering by the high density of grain boundaries and dislocations leads 
to significantly reduced thermal conductivity and improved ZT for nanostructured Bi-doped 
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 Controlled synthesis of Bi-doped PbTe nanocubes with different Bi doping levels to tune 
the electrical transport properties. 
 Spark plasma sintering process preserved the nano-sized grains, creating high density of 
grain boundaries and high density of dislocations within the grains, which provide full-
length phonon scattering and lead to significantly reduced thermal conductivities. 
 Secured a peak ZT of 1.35 at 675 K for the as-sintered Pb0.99Bi0.01Te pellet, which is one 
of the best n-type thermoelectric materials. 
 
 
